A kenaf bast fiber is comprised of a bundle of single fibers bound by lignin and pectins. It offers the advantages of being renewable, biodegradable and environmentally safe. However, it is difficult to process kenaf fibers because of the coarseness, stiffness and low cohesion of the fiber bundles. In this research, kenaf fiber bundles have been treated by both alkaline sulfide and a modified chemical degumming methods to improve fiber properties. Tensile properties, fineness, length and softness of the kenaf fiber bundles after the treatments were determined. It was found that both treatments improved the fiber fineness, softness and elongation; however, fiber bundle strength was decreased. The modified chemical degumming method was more effective. Under the optimum modified chemical degumming condition, the fineness of the kenaf fiber bundle was improved more than 50% and the fiber bundle was more than twice as soft as the raw material. These kenaf fiber bundles were much finer and softer and found to be easier to process than those obtained in earlier studies. The treated kenaf fiber bundles can be blended with cotton fibers and easily carded on a cotton card with minimum losses. The carded batts can be further processed for either nonwoven or woven applications.
Introduction
Kenaf fibers (Hibiscus cannabinis L) offer the advantages of being renewable, biodegradable and environmentally safe. Although kenaf is being considered as a potential alternative crop in the United States, China has long been actively engaged in its development such that it currently is one of the largest kenaf producers in the world. A kenaf bast fiber is comprised of a bundle of single fibers bound by lignin and pectins. These fiber bundles are very coarse and brittle. Kenaf fibers have been traditionally used for the production of cordage and coarse yarns, canvas and sacking [1] . However, due to the challenge from synthetic fibers, such as polypropylene, the market share of conventional kenaf packaging fabrics is decreasing sharply.
Recently, kenaf has attracted considerable attention as a potential natural fiber source for both nonwoven and woven applications [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, it is difficult to process kenaf fibers because of the coarseness, stiffness and low cohesion of the fiber bundles. As a consequence, the uses of kenaf in both nonwoven and woven products are very limited. Medium to heavier weight nonwoven mats can be made from mechanically separated coarse kenaf fiber bundles for agricultural and industrial applications by carding kenaf on a modified conventional carding machine [8] . Finer and softer kenaf fiber bundles are needed in order to make diversified nonwoven and woven products containing kenaf.
The objectives of the current research were: a) to obtain finer and softer kenaf fiber bundles by chemical treatment; b) to evaluate the effects of different treatment conditions by characterizing kenaf fiber properties; and c) to determine optimum and acceptable treatment conditions. The improvement in kenaf fiber properties and the development of new products containing kenaf should greatly increase the utilization of kenaf fiber both in nonwoven and woven markets, thereby adding value to the kenaf crop.
Experimental Materials
The kenaf fibers used in this study were obtained from Zhejiang Province, China. The kenaf fibers, as received, were
The kenaf fibers used in this study were obtained from Zhejiang Province, China. The kenaf fibers, as received, were very long fiber bundles which were harvested, then naturally retted in ponds.
Treatment methods
Several methods can be used to treat kenaf fibers [10] [11] [12] . Two different methods were chosen to use in this research based on their practicality and ease of application. The first was an alkaline sulfide treatment. This procedure involves: immersion in NaOH solution-neutralization with acid-water washing-and air drying. In this method, NaOH concentration, treatment time and temperature, liquor-to-fiber ratio and quantity of Na 2 SO 3 (weight % based on kenaf) were regarded as key factors affecting the treatment. Because Na 2 SO 3 reacts with lignin, it was added to aid in its removal. Furthermore, the addition of Na 2 SO 3 could reduce the oxidation of cellulose in alkali solution. A saturated orthogonal main-effect experiment was designed to obtain the optimum parameters for the treatment [13] . In this experimental design, each variable is assumed to have no interaction with the others to simplify the experiment. Earlier trials indicated that the interactions have minimal effects on the results. Table 1 shows the levels of each factor used in this experiment.
The second treatment was a modified chemical degumming method which was previously used in ramie processing [11] . The procedure involves: immersion in acid solution, boiling in NaOH solution, bleaching with NaClO, washing with acid, rinsing in water, refining in NaOH and Na 2 SO 3 solution, washing in water and air drying. In this experiment, NaOH concentration, boiling time and chloride ion [Cl-] concentration were regarded as key factors affecting the treatment. A universal rotatable experiment was designed to achieve the optimum parameters for the experiment [14] . The levels of each factor used in the experiment are shown in Table 2 . More analyses of fiber properties were performed on fibers from this experiment than those from alkali treatment because better results were expected. All references to changes in fiber properties in the following discussion are statistically significant at alpha -0.05 unless otherwise stated as non-significant.
Property measurements
The treated kenaf fibers were opened on a Roller-top card normally used for processing ramie fibers. The following properties of the opened kenaf fiber bundles were evaluated and compared with raw kenaf:
(1) Tensile properties of breaking load, elongation and tenacity were determined on an XQ-1 fiber tensile tester designed by the China Textile University. Fiber bundles were tested at a 10 mm gage length.
(2) Softness of kenaf fiber bundles were measured by the twist method [12] . In this method, kenaf fiber bundles were gripped on a twister. Twist was applied on the fiber bundles until they were broken. The more twist which can be applied to the fiber bundle, the softer the fiber bundle.
(3) Fineness (tex) and length: A group of kenaf fiber bundles was straightened, aligned together and cut into 50 mm long segments. The weight (W, mg) of the fiber bundles was determined, and then the number (N) of fiber bundles in that group was counted [12] . The fineness of kenaf fiber bundles was determined by:
The length of a kenaf fiber bundle was simply measured along the fiber bundle with a ruler.
(4) The lignin content of raw and treated kenaf fibers was determined according to the Chinese Standard Test Method GB 5882-86 [15] . Results and discussion 1. Alkaline sulfide treatment Table 3 shows the detailed treatment conditions and testing results. Data on raw kenaf are also included in the table for comparison. It can be seen from Table 3 that after treatment, the tensile properties and softness of the kenaf fiber bundles were changed. The breaking load of increased. This is probably because the adhesion between single fibers decreases as lignin is partially removed by alkaline sulfide treatment. Lignin acts as a binder, which holds the single fibers together. When lignin is removed, it becomes easier for fibers to slide pass each other under the strain of breaking load. Therefore, breaking strength is reduced. This result is consistent with previous findings [7] . Under the combined action of NaOH and Na 2 SO 3 , lignin was partially removed. Lignin is the main component contributing to the high rigidity of the kenaf fiber bundle. It can be seen from Table 3 that the softness of a kenaf fiber bundle was improved after the treatment. This is attributed to partial removal of lignin.
Analysis of variance on the experimental data showed that NaOH concentration and treatment time had the most significant effect on the treatment. It was found that the theoretical optimum treatment condition was: NaOH concentration, 250 g/l; treatment time, 60 minutes; temperature, 75 C; quantity of Na 2 SO 3 , 0.5%; and liquor to fiber ratio, 1:20, assuming that the order of importance of fiber properties in carding is breaking load, softness and elongation. The properties of the kenaf fibers treated under these optimum conditions compared with the raw kenaf material are shown in Table 4 . It is seen that fiber softness was significantly improved, lignin content was reduced, strength was decreased and elongation was increased after the treatment.
Modified chemical degumming
The treatment conditions and the testing results for modified chemical degumming are shown in Table 5 . The results indicated that, except for tenacity, the properties of kenaf fibers were improved. This was consistent with an alkaline sulfide treatment.
(1) The fineness of kenaf fiber bundles was significantly affected by the concentration of NaOH and boiling time because these two factors affect lignin removal. The less the lignin content in the fiber bundle, the easier the separation of kenaf fiber bundles during opening, and therefore, the finer the kenaf fiber bundle.
(2) The kenaf fiber bundle length was significantly affected by the concentration of NaOH, the concentration of fiber bundle length. Again, this was due to higher lignin removal and greater strength loss. The fiber bundles were more easily separated and broken during opening, which resulted in shorter fiber bundle lengths. The concentration of [C1-] was the most important factor affecting fiber bundle strength. Chlorination weakens the fiber; therefore, fiber bundle tenacity decreased when the concentration of [C1-] increased.
The optimum value for each property was determined based on the response surface. Considering that the order of importance of fiber properties in carding is fineness, tenacity, softness and elongation, it was determined that the theoretical optimum parameters were: concentration of NaOH, 14 g/l; concentration of [C1-], 1.0 g/l; and boiling time, 140 minutes. Table 6 shows the properties of the kenaf fiber bundles treated under optimum conditions compared with those of raw kenaf. The results indicated that the fiber bundle tenacity was lower after the treatment.
Both the fineness and the stiffness of kenaf fiber bundles were reduced more than 50%. These kenaf fiber bundles are much finer and softer than those obtained in the previous study [5, 7] . It has been demonstrated that these fiber bundles can be easily carded on a cotton card with minimum losses [9] .
The properties of the kenaf fiber bundles treated under the optimum modified chemical degumming conditions were compared with those of kenaf treated under the optimum alkaline sulfide treatment conditions. It can be seen from Tables 4 and 6 that kenaf fibers treated under optimum modified chemical degumming conditions were much softer than fibers treated under optimum alkaline sulfide treatment conditions. More lignin was removed by the modified chemical degumming method. Also, less NaOH was used in this modified method.
Conclusions
Kenaf fiber bundles were treated with both alkaline sulfide and modified chemical degumming methods. Both treatments improved the fiber fineness, softness and elongation; however, fiber bundle strength was decreased. Optimum treatment parameters were determined for both methods. The modified chemical degumming method used much less NaOH than the alkaline sulfide treatment method. Fiber bundles treated with the modified chemical degumming method were finer and softer and these fiber bundles are more acceptable for both nonwoven and woven processing. The kenaf fiber bundles treated under optimum modified chemical degumming conditions can be easily carded to be further processed into either nonwoven or woven products. Value-added, diversified nonwoven and woven products can be made from these kenaf fibers.
